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Abstract

Placebo-controlled clinical trials are useful for identifying the dose of a drug candidate that 

produces a meaningful clinical response in a patient population. Currently Pfizer, Inc. is enrolling 

a 400-person clinical trial to test the efficacy of 20 or 80 mg of tafamidis to ameliorate 

transthyretin (TTR)-associated cardiomyopathy using clinical endpoints. Herein, we provide 

guidance for how to optimize the dose of tafamidis for each WT TTR cardiomyopathy patient 

using its mechanism of action as the key readout, i.e., we identify the dose of tafamidis that 

maximally kinetically stabilizes TTR in the blood. Tetramer dissociation is rate limiting for TTR 

aggregation, which appears to drive the pathology in the TTR amyloidosis. Hence we measure the 

TTR tetramer dissociation rate (kinetic stability) in the patients’ plasma as a function of tafamidis 

dose to optimize the dose employed to maximize kinetic stability. Historical data tells us that a 

subset of patients exhibiting higher tafamidis plasma concentrations are maximally kinetically 

stabilized at the 20 mg tafamidis dose, whereas the patient studied herein required a 60 mg once 

daily dose to achieve maximum kinetic stabilization. We anticipate that establishing the dose of 

tafamidis that achieves maximal TTR kinetic stabilization will translate into a maximal clinical 

effect, but that remains to be demonstrated.
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Introduction

Numerous amyloid diseases appear to be caused by the extracellular aggregation of a 

specific protein [1–4]. In the transthyretin (TTR) amyloidoses, genetic and pharmacologic 

evidence strongly support the hypothesis that mutant and/or wild-type (WT) TTR 

aggregation drive the degenerative phenotypes [5–12]. Wild-type TTR amyloidosis 

(ATTRwt), formerly called Senile Systemic Amyloidosis (SSA), is a sporadic 

cardiomyopathy caused by aggregation of WT TTR in ~15% of the elderly population 

(predominantly males and especially those with heart failure and a preserved ejection 

fraction, HFpEF) [13, 14]. Mutant TTR aggregation can cause either familial amyloid 

polyneuropathy (FAP) [9, 15] and/or familial amyloid cardiomyopathy (FAC), depending on 

the exact mutation [4, 16, 17].

TTR is primarily secreted by the liver into the blood, where it is responsible for transporting 

holo retinol-binding protein and a small quantity of thyroxine [18, 19]. TTR exists as a 55-

kDa tetramer, comprising four 127-amino-acid, β-sheet-rich subunits [20]. In older adults, 

WT TTR can aggregate into a spectrum of aggregate structures, including cross-β-sheet 

amyloid fibrils. The initial and rate-limiting step in this process of TTR aggregation or 

amyloidogenesis is TTR tetramer dissociation [6, 12, 21]. Tetramer dissociation is followed 

by partial monomer denaturation, resulting in the production of a TTR conformer that can 

aggregate by a downhill polymerization mechanism [21–23]. Since tetramer dissociation is 

rate limiting for TTR aggregation, increasing the kinetic barrier for tetramer dissociation 

through the binding of small molecule TTR kinetic stabilizers is a promising therapeutic 

strategy for TTR amyloidosis [6, 24].

Tafamidis, a small molecule drug approved for the treatment of FAP [5, 7], binds to and 

kinetically stabilizes TTR tetramers made up of WT and/or mutant TTR subunits, slowing 

tetramer dissociation, and thus reducing TTR propensity for misfolding and aggregation 

[11]. Moreover, the mechanistically identical, structurally distinct, TTR kinetic stabilizer 

diflunisal also exhibited efficacy against FAP in a placebo-controlled clinical trial [8]. Based 

on a phase II open-label study involving ATTRwt (cardiomyopathy) and V122I FAC 

patients, tafamidis effectively achieved and maintained WT and V122I TTR stabilization 

and was well tolerated (personal communication, Matt Maurer). Moreover, phenotypic 

disease stabilization as measured by biochemical and echocardiographic parameters suggest 

that further evaluation of tafamidis in TTR amyloid cardiomyopathy is warranted. The 

significance of these observations will only be clear after the placebo-controlled clinical trial 

being enrolled by Pfizer is finished (ClinicalTrials.gov Identifier: NCT01994889). In a 

recent study on 6 of these ATTRwt (cardiomyopathy) patients continuing to take tafamidis, 

the plasma tafamidis concentration and the extent of TTR kinetic stabilization varied 4-fold 

between patients receiving a 20 mg once daily dose of tafamidis [25]. While the number of 

patients in this study is small, the variability in plasma concentration and kinetic 
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stabilization using a single 20 mg dose of tafamidis supports the development of an 

approach for determining the optimal dose of tafamidis for each cardiomyopathy patient 

[25]. Herein, we study a single male ATTRwt patient before treatment and 6 weeks after 

daily doses of 20 or 40 or 60 mg of tafamidis, in a dose escalation paradigm. By measuring 

tafamidis plasma concentration and the extent of TTR kinetic stability as a function of 

tafamidis dose using our subunit exchange assay, we have determined that the optimal dose 

of tafamidis for maximal kinetic stabilization of WT-TTR in this patient’s plasma is 60 mg 

tafamidis daily.

Methods

Recombinant protein expression and purification

Recombinant dual-FLAG-tagged WT (FT2-WT) TTR was expressed in and purified from 

Escherichia coli as described previously [26]. Upon purification, 500 μL of 63 μM aliquots 

in phosphate buffer (10 mM sodium phosphate (pH 7.6), 100 mM KCl, and 1 mM EDTA) 

were flash frozen and stored at −80 °C until use. The molar absorptivity (ε) of FT2-WT TTR 

(85720 M−1 cm−1) tetramers in standard phosphate buffer was used to calculate TTR 

concentration.

Plasma Samples

Blood from the ATTRwt patient was collected in 10 mL BD Vacutainer tubes with EDTA 

(366643). Upon collection, the blood was remixed prior to centrifugation by gently inverting 

the tube 10–12 times and then centrifuged at room temperature (18–25 °C) in a horizontal 

rotor for 15 min at 1500 rcf. After centrifugation, the plasma was aspirated with a Pasteur 

pipet without disturbing the cell layer. Plasma was transferred to 5 cryo vials with a cap and 

stored at −75 °C until it was shipped. This study was approved by the Institutional Review 

Boards at The Scripps Research Institute and Columbia University Medical Center and the 

patient of focus provided written informed consent.

HPLC Analysis of Tafamidis Concentrations in Plasma

Tafamidis levels in the tafamidis-treated patient plasma samples were quantified by HPLC 

following the previously described method [25]. For each experiment, a standard curve was 

generated by adding tafamidis (in DMSO; final concentration ranging from 0–36 μM) to a 

healthy donor plasma sample.

Subunit Exchange Studies by Adding Recombinant TTR to Endogenous WT TTR

Subunit exchange assays were carried out as previously described [25] with the following 

minor modifications: (i) in order to reduce the sudden pressure jump during sample 

injection, and to achieve a complete separation of TTR from other plasma proteins, the first 

6 min of the TTR separation on UPLC was done at a low flow rate (0.2 mL/min), and then 

the flow rate was increased to 0.6 mL/min for the rest of the run (total run time = 39 min); 

and (ii) 1 μL of a 3 mM A2 stock solution (final concentration of 300 μM) was used instead 

of 3 μL of a 130 μM solution (final concentration was 90 μM) to minimize the effect of 

DMSO and to account for high tafamidis concentrations. For analysis of TTR kinetic 

stability in plasma, a frozen ATTRwt plasma sample aliquot (200 μL) was thawed on ice. 
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Subunit exchange was initiated by the addition of 1.8 μM FT2-WT TTR to 40 μL plasma 

samples in 4 technical replicates and the samples were incubated at 25 °C for up to 4 days. 

Sample incubation and analysis was done at 25 °C instead of 37 °C, which is a more 

physiologically relevant temperature, to keep it consistent with the previous experimental 

database. At each time point, a 10 μL aliquot of the exchange mixture was transferred to a 

UPLC sample glass vial (Waters) to which A2 (1 μL of a 3 mM solution) was added for a 3 

h reaction period, followed by addition of 52 μL of 50 μM phosphate buffer (pH 7.6). 

Samples were flash-frozen in liquid nitrogen and stored at −20 °C until ion exchange UPLC 

analysis. Ion exchange chromatography is performed by thawing the samples from the entire 

subunit exchange time course and loading them into the UPLC autosampler. Fluorescence 

from the TTR•A2 conjugate allows detection of TTR tetramers. The rate of subunit 

exchange was quantified by the rate of appearance of the (WT TTR)3(FLAG-tagged TTR)1 

heterotetramer•A2 conjugate peak (peak 2).

Subunit Exchange Analysis

The expected relative area of tetramers 1–5 at equilibrium is predicted by a binomial 

distribution,

where n=4, k is the number of untagged TTR subunits in the peak of interest, and p is the 

probability of incorporation an untagged TTR subunit, which is the fraction of untagged 

TTR relative to total TTR. For each time point, the area of peak 2 is calculated relative to 

the total area of peak 2 at equilibrium expected from the binomial distribution and the 

fraction exchange (FE) is calculated as [(peak area at time t)/(peak area at equilibrium) × 

100]. The rate of tetramer dissociation (kex) was calculated using the equation kex, t=t = 

−ln(1−FEt=t)/t and is expressed as the average of the rates obtained at subunit exchange 

incubation times of 48 and 96 h.

Results

Quantitative analysis of tafamidis concentration in patient plasma samples

The index case is an 88-year-old Caucasian male with cardiac amyloid on endomyocardial 

biopsy that was confirmed to be TTR by laser capture mass spectrometry. His TTR gene 

sequence did not reveal any mutations. His initial BMI was 25.7 and there was no significant 

change during treatment period. The WT-TTRA patient was treated with once daily oral 

doses of tafamidis, escalating the dose from 20 mg to 40 mg and then to 60 mg tafamidis at 

6 week intervals (study comprises 18 weeks of treatment). The patient’s plasma sample was 

collected prior to treatment and at the end of each six-week treatment period at a specific 

tafamidis dose. We quantified the tafamidis concentration in the patient plasma samples in 

triplicate using HPLC, before and after 6 weeks of dosing at 20, 40 and 60 mg of tafamidis. 

As expected, the plasma concentration of tafamidis rose proportionally to the daily dose of 

tafamidis administered. After 6 weeks of once daily dosing at 20, 40, and 60 mg of 
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tafamidis, the tafamidis concentrations in the patient’s blood were determined to be 6.6, 

13.9, and 31.6 μM, respectively, based on a standard curve generated by adding increasing 

concentrations of tafamidis to plasma from a healthy donor (Figure 1A and S1A).

TTR kinetic stability assessment in patient plasma using subunit exchange analysis

The kinetic stability of endogenous TTR in patient plasma was assessed using the TTR 

subunit exchange method [25]. We measured the subunit exchange rate of WT TTR in the 

patient plasma samples before and after each 6-week treatment with the increasing oral 

doses of tafamidis. Because the half-life of endogenous TTR in plasma is approximately 48 

h [27, 28], we chose to quantify the fraction of subunit exchange after 48 and 96 h of 

incubation. As expected, the fraction of subunit exchange at 48 h (Figure 1B) was lower 

than the fraction of subunit exchange at 96 h (Figure 1C) without tafamidis treatment, and as 

a function of oral tafamidis dosing. The rate of subunit exchange, kex, is rate limited by 

tetramer dissociation [26, 29, 30]. The rate of subunit exchange was calculated from data at 

the 48 and 96 h time points separately and the averages of the two rates are graphed as a 

function of the daily dose of tafamidis (Figure 1D), as done previously [25]. The kinetic 

stability of endogenous TTR in the patient’s plasma (Figure 1D) at the 60 mg dose was 

significantly higher than at the 40 and 20 mg doses (P<0.0001). Furthermore, the measured 

kinetic stability of TTR tetramers exhibited a strong correlation with the plasma 

concentration of tafamidis (Figure 1E). In this patient, maximal TTR kinetic stabilization 

was achieved with a daily oral dose of 60 mg of tafamidis. This was demonstrated by the 

fact that ex vivo addition of 50 or 100 μM more tafamidis to the 60 mg tafamidis plasma 

sample did not significantly further decrease the rate of subunit exchange (increase kinetic 

stability; Figure 1E). The plasma concentration of normally folded TTR tetramers increased 

with increasing doses of oral tafamidis. At the 60 mg dose, the WT TTR tetramer 

concentration increased by 38% relative to the WT TTR tetramer plasma concentration 

before tafamidis treatment, as calculated from TTR•A2 conjugate fluorescence peak 

intensity (Figure 1F and S1B). Moreover, consistent with previous findings showing 

increased plasma TTR levels after tafamidis treatment [5, 7], total TTR levels measured by 

quantitative Western blotting also increased in the tafamidis-treated samples (Figure S2). 

This is due to a pharmacologic chaperoning effect–tafamidis enters the endoplasmic 

reticulum of liver cells, binds to the WT TTR tetramer in the endoplasmic reticulum and 

shifts the linked folding and assembly process toward tetramer formation, thus enabling 

more WT TTR tetramer to be formed and secreted [31, 32].

Discussion

Previously, we have studied the WT TTR subunit exchange rate in plasma as a function of 

tafamidis plasma concentration at a fixed 20 mg oral dose of tafamidis once daily in the 

context of ATTRwt cardiomyopathy patients (Figure 2; previous data depicted as filled 

circles) [25]. Compared to these ATTRwt patients, the patient of focus in this paper exhibits 

a relatively low plasma tafamidis concentration and a relatively low degree of kinetic 

stability (Figure 2; new data depicted by stars at the indicated oral doses). The patient’s 

blood tafamidis concentrations inversely correlate with tetramer dissociation rates, reflected 

by the TTR subunit exchange rates (kex) (Figure 2). In this patient, we achieve maximal 
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kinetic stabilization of WT TTR at a once daily dose of 60 mg of tafamidis, whereas 20 and 

40 mg doses were insufficient (Figure 2). Importantly, at this dose of tafamidis, less than 1% 

of the patient’s TTR tetramers dissociate over TTR’s half-life of ≈ 2 days (Figure 1B), 

precluding new TTR synthesis contributing to an additional TTR aggregate load. Since TTR 

aggregation is a concentration dependent phenomenon, it is possible that incomplete TTR 

kinetic stabilization could still lead to a good clinical outcome if the concentration of 

misfolded TTR is below that enabling efficient aggregation. Correlating the extent of kinetic 

stabilization with clinical outcome will ultimately give us the definitive answer. Other 

plasma factors besides tafamidis and holo retinol binding protein concentrations may also 

contribute to TTR kinetic stability, but as yet we do not have enough information to know 

which factors are important. Based on our current understanding, it seems appropriate to use 

available methods to maximally kinetically stabilize TTR, especially if the safety profile of 

tafamidis continues to be acceptable.

Conclusions

Personalized medicine, defined as the selection of diagnostic and therapeutic strategies 

based on prospectively validated patient characteristics, is being explored as a more 

effective therapeutic strategy compared to the conventional treatment strategy, which applies 

the same approach to all patients, even those in different disease stages. Herein we report a 

case study of a male ATTRwt patient in which the dose of tafamidis has been optimize to 

maximize WT TTR kinetic stabilization. By assessing tafamidis efficacy on TTR kinetic 

stability as a function of blood tafamidis concentrations, we have determined that this 

patient needs a three-fold higher dose of tafamidis than that currently being used 

commercially, and 20 mg less than the highest dose being explored in the cardiomyopathy 

trial being conducted by Pfizer. We expect that a certain threshold of WT TTR kinetic 

stabilization will correlate with a maximal clinical response, which may be less than 

maximal kinetic stabilization sought herein. Until we know what this threshold is, it seems 

reasonable to maximize TTR kinetic stability as a surrogate biomarker.
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Figure 1. 
The effect of tafamidis on an ATTRwt patient’s plasma TTR tetramer stability. Plasma 

samples were obtained from an ATTRwt patient before treatment (0, blue), and after 

treatment with 20 (red), 40 (green), or 60 (purple) mg of once daily oral dose of tafamidis. 

(A) Plasma tafamidis concentration in the patient plasma samples was measured by HPLC. 

Each bar graph represents an average of three measurements, error bars represent standard 

deviation (SD). (B & C) Subunit exchange was quantified at 48 (B) and 96 (C) h, and the 

fraction exchange was calculated as described in Materials and Methods. (D) The rate of 

tetramer dissociation (kex) was calculated using the equation kex, t=t = −ln(1−FEt=t)/t and is 

expressed as the average of the rates obtained at 48 and 96 h subunit exchange incubation 

time. Each bar graph is an average of 4 or more individual technical replicates, error bars 

represent SD. Differences between groups were assessed by t-test (Prism 6). (E) Stability of 

plasma TTR was assessed as a function of plasma tafamidis concentrations. For the last two 

points on the graph, excess tafamidis (50 μM or 100 μM) was added ex vivo to the 60 mg 
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dose plasma sample and subunit exchange was initiated with 1.8 μM FT2-WT TTR. (F) TTR 

tetramer concentrations in the patient plasma samples were assessed by measuring TTR•A2 

conjugate fluorescence at 0 h subunit exchange incubation time. Each bar graph is an 

average of 4 or more individual technical replicates, error bars represent SD. Differences 

between groups were assessed by t-test (Prism 6).
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Figure 2. 
A comparative plot detailing the effect of tafamidis on TTR tetramer stability of an ATTRwt 

patient’s plasma with that of multiple SSA patients’ plasma treated with 20 mg, once daily 

tafamidis [25]. Patient X’s kex values at a daily dose of 0 (blue), 20 (red), 40 (green), and 60 

mg tafamidis (purple) are overlaid with previously reported data from five other tafamidis-

treated SSA patients [25] (grey filled circles) as a function of the measured blood 

concentration of tafamidis. The dotted line represents a linear regression fit of the 5 

previously reported SSA patients’ data [25].
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